The spectrum analysis obtained by Fast Fourier Transform of the Photoacoustic Induced by Laser Ablation (PILA) during laser assisted paints removal process is described, in order to identify the presence of paint components on a metallic surface, optimize the ablation rate and propose the method as a cleaning process monitoring. The process was carried out using a low-cost experimental setup which includes a burst-mode Nd:YAG laser, an electret microphone, an audio amplifier device and an oscilloscope, to record the acoustic pulse and analyze it. The samples surface morphology was characterized by Optical Microscopy and Optical Coherence Tomography (OCT) before and after irradiation to visualize the formation of craters. As additional monitoring technique, the Laser Induced Breakdown Spectroscopy (LIBS) was used. The potential of the analysis for qualitative monitoring of coating removal was demonstrated due to the coincidence of the information provided by LIBS and PILA techniques.
Introduction
In 1986, John Asmus [1] discovered how to remove black inlays in white marble using a ruby laser that took advantage of to the absorption and reflection properties of the materials in question. This discovery paved the way for laser cleaning technology in conservation, which offered a significant improvement over conventional technologies due to the absence of direct contact, and also due to the fact that this technology does not require the use of abrasives or chemicals, as well as due to the ability to preserve the texture of objects, among others [2] - [4] .
In addition to applications in the conservation field, laser cleaning has expanded to other industrial sectors, as a result of the disadvantages of other cleaning technologies, such as ultrasound and power washing. An example of this technology was developed in the semiconductor industry, since the conventional procedures did not provide the results hoped for with micrometrical particles and damaged some of the fragile substrates [5] .
The PILA study (photoacoustics induced by laser ablation) performed to analyze the ablation produced by pulsed lasers is not much more than three decades old [6] . In the initial studies, complex transducers were used, as their strengths primarily rested on the detection of ultrasonic waves. Nevertheless, the previous works of Y. F. Lu and collaborative researchers [7] demonstrated the presence of mechanical vibrations in the audible range; hence, they proposed to use less specialized transducers, which translated to a much cheaper device, and just as in the first study, they posited the possibility of detecting the ablation threshold using the PILA technique by correlating the peak-topeak voltage of the first acoustic pulse oscillation with the flow of the laser pulse as well as with its behavior by modifying the number of pulses.
In recent research [8] [9], we can observe how the data captured by the PILA technique is utilized as a monitoring method in selective ablation applications.
Even though they demonstrated the possibility of a direct correlation between the electric signal magnitude and laser fluency, M. Fiedler and P. Hess suggested performing an acoustic pulse analysis by changing the time domain to the frequency domain by applying Fast Fourier Transform (FFT) [10] . In their research, they detected frequency bands that provided quantitative information about the chemical reactions of the gases they were studying in their research.
T. Flores and collaborative researchers [11] detected selective ablation in cactus fruit prickles by monitoring the process using LIBS in order to automate the application developed by M. Arronte and collaborative researchers [12] which uses free-generated laser pulses to de-thorn the opuntia cactus. To this end, they studied the PILA signal generated by FFT analysis with the purpose of identifying when the prickles were completely gone, certain characteristic bands of both materials.
On the other hand, in the work of L. Moreira and collaborative researchers [13] , it was demonstrated an innovative approach of LIBS technique, developing a low-cost and portable system for determining the composition of historical constructions. The system includes a multi-pulse emission laser, which underscores the feasibility of using this technology in-situ by using this laser emission mode. The compactness and low prices of this device are the main reasons why we use this configuration for monitoring the paints ablation made in our work.
In resume, in this work the proposal is to qualitatively monitor the ablation of layers deposited onto a metallic surface, utilizing the Fast Fourier Transform (FFT) or the intensity of the sampled photoacoustic signal induced by laser ablation, specifically for the case of multi-pulsed laser emission. For the confirmation of the behavior of PILA A. E. Villarreal-Villela, L. P. Cabrera analysis in these two variants, a low cost LIBS device with multi-pulse emission was used.
Experimental Development.
The study sample was prepared using an Al paint finish deposited onto a thin sheet of Cu. For the research develop, the set up illustrated in the block diagram of Figure 1 was used. A multi-pulse Nd:YAG laser with a passive Cr:YAG Q:Switch was used as excitation source. This laser emits radiation in 1064 nm wavelength. Each laser shot is characterized by a pulse train [13] , concentrated along the surface of the sample using a 5-cm lens at focal distance. The number of pulses per train varies between 6 and 8, while the inter-pulse separation is in range 10 -20 µs. The plasma generated is collected by the fiber optic Ocean Optics P600-1-SR and directed onto the USB 4000 Ocean Optics spectrometer (Spectral range: 200 -900 nm, with resolution of 0.35 nm), which begins to capture using an electric signal supplied by the photodetector Thorlabs PDA 10 A, and by the use of a delay device this signal can be deferred from the time t = 0 to intervals from 2 to 50 μs, for the purpose of evaluating the plasma's progression over time as well as to avoid electronic background. The captured data is then sent to the computer for post-analysis. An electret microphone converts the acoustic pulse into an electrical signal was used in the PILA study. The electret microphone is amplified with an audio amplifier and then sampled with a Tektronix model TDS 1001 b oscilloscope.
The data is then sent to the computer for analysis. 20 laser shots were fired at energy of 60 mJ per pulse train at a single point. Using LIBS, the emission was detected and identified as characteristic lines in the plasma generated by each train, while during the PILA study, the acoustic pulse was detected for each event, the latter of which was characterized by its most significant oscillation in the time domain. Additionally, for each sample data, the Fast Fourier Transform magnitude was calculated. Information as to the surface morphology of the sample was Mirror Laser captured before and after the treatment. This was done by magnifying the images using a 100× optical microscope and, additionally, reconstructing the surface of the object using a CALLISTO optical coherence topography device (OCT), provided by Thorlabs.
Results and Discussion

Ablation Experiments
As mentioned in the experimental development section, a succession of 20 laser shots was fired, each pulse consisting of a train of 6 -8 pulses. The energy of each pulse train was set at 60 mJ, firing the pulses over the same area. The purpose of this procedure was to gradually ablate material until reaching the substrate or even to penetrate to the interior of same, in order to see the transition between the materials. The data obtained is analyzed by each one of the monitoring techniques used: the emission of plasma in LIBS and the acoustic pulse in the PILA analysis.
The plasma emission spectrum was obtained for each laser shot. Figure 2 (a) shows a typical spectrum captured on the aluminum paint layer, and in Figure 2 (b), a typical spectrum captured on the copper tube. In both cases, various characteristic lines have been identified using for reference the NIST database [14] . Two of these lines, one for each material, were selected for following the depth analysis, these being the Al I 396.15 nm line for the paint and the Cu I 521.82 line for the substrate.
Thus, it was possible to construct a profile of intensity depth, using the selected pikes intensity versus number of shots, which is shown in Figure 3 . As seen in Figure 3 , for the first two shots the presence of Al emission is more intense than Cu emission, which demonstrate that the ablation take places on the paint layer. After the second shot, one can begin to see a predominant emission of Cu, the intensity of which gradually increases until it reaches a saturation level at 6 shots. After this point, the Al intensity begins to gradually decrease, with slight increases and decreases along the way, but the Al intensity does not disappear completely. Ii is clear that after the second pulse, the ablation takes place on the Cu substrate.
From here on out, the difference in intensity between the copper line and the aluminum line becomes greater, i.e., the intensity of lines diverge. While the aluminum line does not exhibit a uniform behavior, it does show lower intensity. This can be due to the fact that the aluminum is re-solidifying on the surface after having been ejected, and also due to a certain amount of Al ablation progressing from the boundaries of craters formed during the process, whose diameter would tend to increase as the depth of the successive pulses increase and this can contribute to eventual changes in Al line intensity.
Twenty acoustic pulses associated with the case at hand in the LIBS section were captured at a sample interval of 4 µs. Figure 4 shows oscillograms of the first five shots A. E. Villarreal-Villela, L. P. Cabrera in order to illustrate the electret microphone response. A small oscillation can be distinguished in the first 50 μs, after which a major magnitude change occurs. Considering that this is the most significant magnitude for the entire life of the acoustic pulse, we can describe this as the peak-to-peak voltage of the most significant oscillation. This was graphed versus the number of shots and illustrated in Figure 5 . The tendency observed here is that for the first two shots, there is maximum amplitude, which diminishes without returning to its original maximum value.
By matching with the observations in the LIBS analysis, there is coincidence between the decrease in amplitude in relation to the investment of the intensity of the selected lines, that suggests the majority ablation of the paint layer.
Another method of visualizing possible changes in the acoustic pulse is to study the frequencies contained in the measured interval by applying the Faster Fourier Transform (FFT) to the sample. In order to obtain the clearest result, the magnitude of the complex numbers corresponding to the frequencies is to be determined. The result of this procedure can be seen in Figure 6 , where the results of the first five shots are superimposed on one another. At first glance, additional frequency bands between shots cannot be distinguished, but after the second shot, an overall decrease is observed.
Considering the band of 5000 Hz the most representative, Figure 7 shows the progression of its relative intensity for the fired shots. A notable difference can be seen in the intensity between the first two shots and the rest, whose value diminishes drastically after the third pulse and maintains essentially stable until the process is completed. This A. E. Villarreal-Villela, L. P. Cabrera 
Analysis of Surface Morphology
Figure 8(a) shows an image of the surface of the study samples before the treatment magnified 100×, where one can see that the surface is uniform along the entire surface, this does not have imperfections such as craters or visible layers. Figure 8 (b) illustrates a reconstruction of the same surface, generated by the OCT device, which was imaged in an area of 3 × 3 cm. Therefore, it corroborates the uniformity of the surface shown in Figure 8 (a). shots occurred (bottom pictures). As we can see that in Figure 9 (a) the crater begins to form, in Figure 9 (b) the paint has been completely removed in the incidence zone of the laser, and in Figure 9 
Discussion of the Results
Monitoring the depth of the elemental composition by LIBS has been reported previously for LIBS systems with monopulse excitation [15] . The experiments conducted in this study confirm that in the case of multipulse excitation, LIBS monitoring is still possible, despite the greater structural complexity of the laser pulse and consequently, and despite the greater complexity of the ablation process and acoustic wave formation.
On the other hand, the use of PILA demonstrates a potential ad depth-profiling low cost and simple method. The information obtained in this PILA study herein was divided into two parts: the amplitude study of the first oscillation of the pulse and the magnitude of the Fourier-transformed sampled time interval. Both methods demonstrated they can be used for real-time monitoring of ablation process. This is clearly observed when proving that, in the case of the amplitude of the most significant acoustic oscillation, a greater amplitude of said oscillation was detected, a finding which we associate with the ablation of the paint finish material. This phenomenon occurred at the same time and with the same behavior as observed in LIBS, where a predominant presence of emission derived from the paint finish is detected during the first two pulses, but afterward diminishes and does not return to its previous intensity.
For the purpose of corroborating the behavior of the PILA monitoring using another criteria, the total sampled interval was calculated using Fourier transform, which
showed that before the characteristic lines are inverted, a greater general magnitude of the frequency bands exists, which we associate with the paint finish ablation. The subsequent behavior is characterized by the decrease of the bands until they reach a relatively constant magnitude.
Conclusions
The aim of this work was to demonstrate the potential of PILA technique for monitoring the laser ablation of paint layers by using PILA technique.
In order to monitor the process by using the signal intensity, the most significant oscillation was detected in the acoustic signal, which diminished when ablating the substrate. In addition, the results suggest that the behavior of the FFT magnitude is similar to the one observed for the amplitude.
Using said analysis, a greater intensity can be observed in the frequency band associated with the paint, if compared to the intensity of the bands associated with the substrate.
In the LIBS analysis, the information about the presence of characteristic emission lines for each material, confirming that the PILA technique holds potential for qualitative monitoring of the ablation process of paint, was produced by using multi-pulse laser excitation. In resume, no differences in behavior of PILA results between single and multi-pulse regimes were observed despite the complexity of acoustic signal for the last regime.
